This paper examines the effects of the thermal storage time and Cu addition on the adhesive strength and microstructure of lead-free Sn-3.0 mass% Ag-1.5 mass% Sb-xCu solder joints. The experimental results show that the adhesive strength of the as-soldered specimens increases with increasing Cu addition and increasing strain rate. Meanwhile, for the aged specimens, the adhesive strength increases with increasing strain rate, but decreases with increasing storage time or with increasing Cu addition beyond 1.0 mass%. The microstructures and fracture morphologies of the solder specimens are analyzed by optical microscopy (OM) and scanning electron microscopy (SEM). The observations reveal that the Cu 6 Sn 5 and Ag 3 Sn particles within the solder microstructure coarsen following high temperature storage and thus reduce the adhesive strength of the solder. Finally, it is found that the prolonged aged specimens with a Cu addition of 0.5 mass% or 1.0 mass% fracture in a combined brittle and ductile failure mode, while those with a Cu addition of 1.5 mass% fail as a result of cleavage after following 200 hours of thermal storage and a strain rate of over 1 s À1 , but otherwise these fracture in a combined brittle and ductile failure mode.
Introduction
Solder joints play a key role in determining the electrical, thermal and mechanical properties of the electrical interconnections used in electronic packages. 1, 2) The mechanical reliability of such joints is determined principally by the choice of solder alloy. Traditionally, the electronics industry has always relied upon the use of some form of Pb-Sn alloy since both metals are available in abundant quantities and have a number of key advantages from a soldering perspective, including a low melting point, a low cost, excellent wettability characteristics, favorable electrical and thermal conductivities, reasonable mechanical strength, and so forth. [2] [3] [4] [5] [6] [7] However, Pb and Pb-containing compounds are now recognized as hazardous materials and having a severely detrimental effect on the human body and the environment. As a consequence, an increasing number of countries have passed laws to eliminate the use of Pb-based solders in electronic products, e.g. the Restriction of certain Hazardous Substances Directive (RoHS) and the Waste Electrical and Electronic Equipment (WEEE) directive in the European Union, JEIDA and MITI standards in Japan, the Electronic Product Environmental Assessment Tool (EPEAT) standard in North America, and so forth. Thus, the development of lead-free solders has emerged as a vital research topic throughout academia and industrial circles in recent years. 1, [8] [9] [10] Although none of the currently available lead-free solders fully replicate the unique properties and advantages of Sn-Pb alloy, Sn-3.5 mass% Ag is recognized as having an excellent potential for soldering applications on account of its favorable mechanical properties, high-temperature stability and its excellent wettability on a range of metallic surfaces, including Cu. However, when the Ag content in the solder exceeds 3.5 mass%, the Ag 3 Sn intermetallic compound (IMC) formed within the microstructure of the solder following the thermal storage process become large and plate-like, and thus the mechanical properties and service life of the solder are severely degraded. 11) Furthermore, when the eutectic Sn-Ag solder is deposited on a Cu substrate, an IMC layer containing Cu 6 Sn 5 and Cu 3 Sn particles is formed at the interface between them. Following prolonged storage at temperatures lower than the melting point of the solder, the thickness of the IMC layer increases and its morphology coarsens. This phenomenon leads to a significant weakening effect. [12] [13] [14] [15] Previous studies by the current group 16, 17) and Kang et al. 18) have shown that the addition of tiny amounts of Sb to the Sn-Ag solder reduces the Ag 3 Sn grain size, suppresses the growth of the IMC layer, and improves the mechanical properties of the solder following high temperature storage. However, Sb addition also increases the melting point of the solder, which induces a greater thermal stress during the soldering process and may potentially damage the soldered component. It has been shown that the melting point of Sn-Ag-Sb solder can be reduced through the addition of a fourth alloying element such as Bi, In, Zn or Cu. However, Bi and In reduce the fatigue life of the solder, while Zn readily oxidizes in oxygen-rich environments and therefore reduces the wettability of the solder. [19] [20] [21] [22] [23] By contrast, Cu not only reduces the melting point of Sn-Ag-Sb solder, but also improves its wettability and reduces the -Sn grain size, thereby improving its thermal and mechanical properties. 1, 24, 25) Accordingly, the Cu element is most suitable for addition into Sn-Ag-Sb solder. Therefore, the methods to improve the thermal stability of joints soldered under high temperature, which will enhance their usability, are gaining interest.
However, it is believed that the adhesive properties of SnAg-Sb-Cu solders have received only little attention in the literature thus far. In general, the mechanical strength of solder joints is known to depend on various factors, including the microstructure, the substrate material, the strain rate, the thermal storage conditions, and so on. [26] [27] [28] [29] Accordingly, the objectives of the current study are to investigate the effects of different amounts of Cu addition, combined with Sb addition, and different thermal storage times on the microstructure and adhesive strength of as-soldered and aged Sn-Ag-Sb-Cu solder joints, and hence to determine the optimal Sn-Ag-SbCu solder composition for industrial applications.
Experimental Procedure
Tensile tests were performed to evaluate the adhesive strength of Sn-3.0Ag-1.5Sb-xCu solders with Cu additions of x ¼ 0, 0.5, 1.0 or 1.5. (unless otherwise noted, the units are mass%) A eutectic Sn-3.5Ag solder was also used for reference purposes. As described in the introduction, when the Ag content in Sn-Ag solders exceeds 3.5 mass%, the Ag 3 Sn compounds formed during the thermal storage process have a large, plate-like characteristic, which severely degrades the mechanical properties. As a result, the Ag content in the current solders was deliberately restricted to 3.0 mass%.
The strength of the various solder joints following thermal storages was evaluated using a tensile testing technique. Traditional tensile testing methods are inappropriate for predicting the mechanical behavior of the solder joints used in electronic packages since the specimens required by such testing methods are far larger than the joints used in the actual soldering process and thus the results obtained for the mechanical properties of the solder joints are unrealistic. Therefore, the current tensile tests were performed using a micro-tensile tester (SHIMADZU AG-I 5kN) with miniature specimens comprising two copper wires, each with a diameter of 1 mm, joined by the solder of interest. For understanding working hardening and mechanical characteristics of the studying solder, We evaluate the properties and strain rate sensitivities of the solder under realistic operational conditions, the tensile tests were performed at room temperature under strain rates ranging from 1 Â 10 À3 s À1 $ 1:0 s À1 . The specimens were prepared by polishing the end surfaces of the Cu wires using a series of SiC sandpapers (culminating with a final grit size of no. 1200) and then cleaning the wires in a 5 vol%HCl solution. A thin layer of rosin mildly activated (RMA) flux was applied to the ends of the wires to remove any residual surface oxides, and the wires were then arranged in a clamping device such that they were oriented along a common axis with their two end separated by a distance of 0.3 mm. Finally, the wires were dipped for 5 seconds in a solder bath set at a temperature of around 300 C and were then cooled in air. The as-soldered specimen is shown in Fig. 1 . To investigate the thermal stability of the various solder specimens, some of the jointed samples were aged at a temperature of 150 C for 25, 200 or 600 hours, respectively, prior to tensile testing. The crosssections and fracture surfaces of the various as-soldered and aged soldered joints were observed via optical microscopy (OM) and scanning electron microscopy (SEM). Finally, the compositions of the solder joints were analyzed using an Energy Dispersive X-ray Spectroscopy (EDS) equipped in SEM.
Results and Discussion

Microstructural characterization
Figures 2(a)-2(d) present OM images of the microstructures of Sn-3Ag-1.5Sb-xCu (x ¼ 0, 0.5, 1.0 and 1.5) asdeposited solders. Previous studies have shown that the nonequilibrium solidification of solders of near eutectic Sn-AgCu alloys having a hypoeutectic dendritic microstructure with strong evidence of an undercooling effect, namely multiple primary -Sn phases containing Cu 6 Sn 5 particles in addition to eutectic phase, including Ag 3 Sn particles. 19, 30, 31) This finding is supported by the OM image presented in C for 600 hours. The images show that the -Sn grains disappear or become increasingly difficult to identify as the level of Cu addition increases. In the solder with no Cu addition ( Fig. 3(a) ) or just 0.5 mass% Cu addition ( Fig. 3(b) ), the spherical or needlelike Ag 3 Sn particles increase slightly to those observed in the as-soldered samples, and the Cu 6 Sn 5 compounds are evident within the microstructure as a result of the coherence of Cu 6 Sn 5 particles under the effects of the elevated storage temperature. In the solders with 1.0 mass% Cu and 1.5 mass% Cu addition ( Fig. 3(c) and Fig. 3(d) ), the Ag 3 Sn compounds again coarsen slightly to those in the as-soldered condition. Moreover, the strip-like Cu 6 Sn 5 phases in C prompts the diffusion of Cu atoms from the substrate into the solder and the coherence of Cu 6 Sn 5 particles in the solder joints and thus causes both a thickening of the IMC layer and the formation of coarse Cu 6 Sn 5 particles extending from the IMC layer into the solder matrix. Moreover, it is apparent that the size of the Cu 6 Sn 5 particles and the thickness of the IMC layer increase with increasing Cu addition. From inspection, the Cu 6 Sn 5 particles in the microstructure of the Sn-3Ag-1.5Sb-1.5Cu specimen are found to have a maximum length of around 120 mm. According to a previous study by the current group, 16, 17) a coarsening of the Cu 6 Sn 5 particles reduces the adhesive strength of eutectic Sn-Ag solder since the larger particles induce significant stress concentrations within the microstructure. Furthermore, the coarser Cu 6 Sn 5 particles formed in the aged Sn-3Ag-1.5Sb-1.5Cu solder specimen increase both the thickness and the surface roughness of the brittle IMC layer, which results in a further reduction in the mechanical properties of the solder joint. Thus, overall, the OM images presented in Fig. 3 and Fig. 4 suggest that the level of Cu addition should be restricted to a maximum value of no more than 1.0 mass%. Figure 6 presents an SEM image of the interface between the Sn-3Ag-1.5Sb-1.5Cu solder and the Cu substrate following thermal storage at a temperature of 150 C for 600 hours. The EDS analysis results summarized in Table 1 show that the narrow strip-like phase growing from the IMC layer into the solder matrix has a composition of 45.29 at% Sn, 2.57 at% Ag, 4.04 at% Sb and 48.11 at% Cu, and is therefore a Cu 6 Sn 5 compound. Meanwhile, the EDS results show that the white particle labeled B in Fig. 6 is Ag 3 Sn phase. Similarly, the phase labeled C is Cu 6 Sn 5 phase. Figure 7 illustrates the relationship between the adhesive strength of the current solder joints (as evaluated at a strain rate of 0.1 s À1 ) and the thermal storage time at 150 C. Note that the plotted data represent the average values obtained from five different specimens aged under identical storage conditions and then tested at the same strain rate. In general, it can be seen that the adhesive strength of solder joints increases with increasing Cu content (Cu addition no more than 1.0 mass%), but decreases with increasing storage time.
Adhesive strength
From inspection, it is found that the strength of the assoldered Sn-3Ag-1.5Sb-1.5Cu/Cu solder joint (114.76 MPa) is around 37% higher than that of the eutectic Sn3.5Ag/Cu solder joint (83.7 MPa). It is thought that the higher strength of this as-soldered specimen is the result of Sb and Cu dispersion throughout the solder matrix. During the early stages of the thermal storage process, the strength of the solders reduces by around 20$30% compared to its strength in the as-soldered condition. This weakening effect is thought to be the result of the thermally-induced coarsening of the Cu 6 Sn 5 and Ag 3 Sn phases in the solder microstructure, and a thickening and roughening of the IMC layer. However, after around 200 hours, it can be seen that the solder strength becomes relatively insensitive to the storage time and the adhesive strength was nearly identical as the aging time is increased to 600 hours. It is consistent with the result presented in the literature for the strength of the eutectic, hypoeutectic, and hypereutectic Sn-Ag-Cu solder joints with different Ag compositions. 30) As discussed earlier, the addition of 1.5 mass% Cu to the solder yields a thicker, rougher IMC layer than 1.0 mass% Cu and prompts the growth of Cu 6 Sn 5 compounds extending from the IMC layer into the solder matrix more seriously (see Figs. 3(c) , Fig. 3(d) , Figs. 5(c) and Fig. 5(d) ). The resulting stress concentrations degrade the adhesive strength of the Sn-3Ag-1.5Sb-1.5Cu/Cu sample compared to that of the Sn-3Ag-1.5Sb-1.0Cu/Cu specimen, and thus, as shown in Fig. 7 , for any given aging condition, the Sn-3Ag-1.5Sb-1.0Cu solder has the highest adhesive strength of the various samples. From inspection, it is found that the strength of the aged Sn3Ag-1.5Sb-1.0Cu/Cu joint is equivalent to that of the assoldered Sn-3.5Ag/Cu specimen even after thermal storage for 600 hours. Figures 8(a)-8(d) illustrate the variation of the adhesive strengths of the Sn-3.5Ag/Cu and Sn-3Ag-1.5Sb-xCu/Cu solder joints as a function of the strain rate following storage at a temperature of 150 C for 0, 25, 200 and 600 hours, respectively. In general, the results show that the strength of the solder joints increases approximately linearly with increasing strain rate. In other words, the specimens all exhibit a strain-hardening tendency. It is well known that as a metal deforms, a high strain rate, the movement of dislocations is suppressed as a result of the short deformation time, and thus an accumulation of the dislocations occurs which gives rise to an enhanced deformation resistance. To understand the strain rate sensitivity, a commonly used equation by design engineers for stress and temperature dependence of creep strain rate is the Norton power law as expressed in eq. (1) or an eq. (2). 28, 34, 35) 
where d"=dt is the steady state creep strain rate, A is a creep constant, is the applied stress, n is the stress exponent, Q is the apparent activation energy, R is the universal gas constant, and T is the absolute temperature. The tensile strength increases with increasing strain rate for all solders. A linear relationship is observed between the tensile strength and the strain rate and expressed as follows in eq. (2).
where m is strain rate sensitivity, is the stress, C is a constant, and _ " " is the strain rate. At soldering process, the strain rate sensitivity of solder alloy is important factor for prediction of deformation mechanism and especially service lifetime. Figure 9 presents SEM fractographs of the as-soldered Sn3Ag-1.5Sb-1.0Cu/Cu solder joint following tensile test at a strain rate of 0.1 s À1 . Figures 9(a) and 9(b) present the macroscopic and microscopic level cross-section SEM images, respectively. In this particular specimen, the fracture originates within the solder since the as-soldered matrix is relatively weaker than either the interfacial IMC layer or the bonding strength between the IMC layer and the solder. Figure 9 (c) can be seen that the top view of fracture surface has distinctive dimple formations which, as discussed above, indicates that the specimen failed in a ductile manner. Figure 10 presents cross-sectional SEM images of fractured Sn-3Ag-1.5Sb-0.5Cu/Cu joint specimens aged for 200 hours and tested at a strain rate of 0.1 s À1 . Figures 10(a) and 10(b) also present the macroscopic and microscopic level cross-section SEM images, respectively. It shows that the fracture takes place initially at the interface between the solder and the IMC layer or within the IMC layer itself and then propagates into the solder under the effects of the tensile load. 17) Figure 10 (c) presents the top view of the fracture surface of this studying solder joint. It reveals a mix of brittle fractures and dimple formations. Brittle residual Cu 6 Sn 5 particles remain at the bottom of the dimples. Figure 11 presents SEM fractographs of the Sn-3Ag-1.5Sb-1.0Cu/Cu solder joints aged for 200 hours and tested at strain rates ranging from 1 Â 10 À3 s À1 to 1 s À1 . In general, all of the surfaces are characterized by a dimple-like structure, which indicates that the solders all fail to a greater or lesser extent in a ductile mode. Furthermore, observing Figs. 11(a)-11(d) , it can be seen that the specimens fail at the interface between the solder and the IMC layer. An EDS analysis reveals that the phases within the dimple features are Cu 6 Sn 5 compounds, while those on the dimple borders areSn. The fractographs also show that the specimens become increasingly prone to surface cracking as the strain rate increases, which implies that the extensibility and toughness of the Sn-3Ag-1.5Sb-xCu solders decrease with increasing strain rate. Figure 12 presents a fractograph of the Sn-3Ag-1.5Sb-1.5Cu/Cu joint aged for 200 hours following tensile testing at a strain rate of 1 s À1 . Figures 12(a) and 12(b) present the microscopic cross-sectional SEM images and top view of the fracture surface, respectively. It shows that this fracture is generated and propagated within the IMC layer and thus a large number of Cu 6 Sn 5 interface compounds appear, since the stress concentration within the IMC layer is increased by the increasing roughness of the IMC layer, the roughness of the IMC layer increases with increasing Cu addition and aging time, and the final result fracture originates within the brittle IMC layer. It indicates that the joint failed in a cleavage manner. The exposure of the Cu 6 Sn 5 grains is most likely caused by a de-cohesion effect at the interface prompted by the formation and growth of micro-cracks and micro-voids within the microstructure. C for 600 hours and tested at different strain rates. Observing Figs. 13(a)-13(c) , the fracture surfaces are also featured by a dimple-like morphology and contain brittle residual Cu 6 Sn 5 compounds at the bottom of the dimple. Those display a mixture of brittle fracture of Cu 6 Sn 5 compounds with dimple formation of solder matrix. Figures 13(c) and 13(d) presents, however, the cleavage manner of fracture on interfacial Cu 6 Sn 5 compounds. Little residue of solder matrix is to be found on fracture surface which is quite similar to that shown in Fig. 12 .
The effects of high temperature storage on the failure mode of the solder specimens can be seen by comparing Fig. 9(c) , Fig. 10(c), Figs. 11(a)-11(d) , and Figs. 13(a)-13(d). As discussed previously, the elevated temperature applied during the aging process causes the interfacial IMC layer in the solder joints to grow in thickness and to develop a rough and irregular morphology. Literature review 16, 17) revealed that the stress concentration within the joint microstructure increases as the roughness and thickness of the IMC layer increase. Accordingly the fracture mode transits from an initially ductile dimple failure in solder matrix to a mixed brittle and ductile failure mode where broken residue of Cu 6 Sn 5 appear at concave of the dimples, and finally to a cleavage fracture mode as the storage time is further increased or aged at elevated temperature. Experimental results shown in Figs. 6 and 7 demonstrate the decreasing trend of adhesive strength with increasing aging time by 
150
C thermal ageing. Fracture of the samples with no more than 1.0 mass% Cu addition or stressing at lower strain rate demonstrate dimple formation on fractured surface. (see Fig. 10 and Figs. 11(a)-11(d) and Figs. 13(a)-13(c) ) However, samples with 1.5 mass% Cu addition and/or stressing at higher strain rate showed fracture surface with cleavage facets of the broken Cu 6 Sn 5 compounds. The position of fracture origin moves from solder matrix toward to the interior of the Cu 6 Sn 5 IMC layer as the thickness and roughness of the interfacial IMC layer increase. Sn3Ag1.5Sb1.5Cu/Cu sample that thermal aged at 150 C for 600 hours shows the growth of IMC layer not only in thickness but also in roughness (Fig. 5(d) ) and causes brittle fracture to occur, instead of ductile fracture, (Fig. 12,  Fig. 13(c) and 13(d) ). Thus, it can be implied that the fracture morphology, microstructure and adhesive strength of the solder joints are governed both by the level of Cu addition and the thermal storage time. Higher strain rate accelerates the transform from ductile dimple to brittle mode.
Conclusions
This study has examined the effects of the thermal storage time (25, 200 or 600 hours) and the strain rate (1 Â 10 À3 s À1 $1 s À1 ) on the microstructural evolution and adhesive strength of Sn-3Ag-1.5Sb-xCu solder joints containing 0$1:5 mass% Cu addition. The major findings can be summarized as follows:
(1) The size of the Ag 3 Sn particles formed in the assoldered specimens is insensitive to the level of Cu addition, but increases significantly when the solders are aged at a temperature of 150 C. Cu 6 Sn 5 compounds are present only in very small size in the as-soldered specimens with low Cu addition. However, their size increases significantly as the level of Cu addition is increased or the thermal storage time is prolonged. At higher levels of Cu addition, the thermal storage process prompts a coarsening of the Cu 6 Sn 5 particles, which may induce stress concentrations within the solder joint and therefore reduces the adhesive strength. (2) The adhesive strength of Sn-Ag-Sb solder joints is improved via the addition of small amounts of Cu. Thus, in the as-soldered condition, the Sn-3Ag-1.5Sb-1.5Cu solder has the highest adhesive strength of all the current specimens. However, in the early stages of thermal storage (e.g. 5200 hours), the adhesive strength of the solder joints reduces. Following 200 hours of thermal storage, however, the adhesive strength becomes insensitive to the storage time. The Sn-3Ag-1.5Sb-1.0Cu joint is found to have the highest strength of all the aged specimens. Even after 600 hours of storage, the strength of the Sn-3Ag-1.5Sb-1.0Cu joint is still equivalent to that of the as-soldered Sn-3.5Ag specimen. Sn-3Ag-1.5Sb-1.0Cu joints fail as a result of a mixed brittle and ductile failure mode. The thermal aged Sn3Ag-1.5Sb-1.5Cu joint stressing at a higher strain rate (over 1 s À1 ) fails in a cleavage fracture mode with broken Cu 6 Sn 5 particles exposed on surface. Higher strain rate accelerates the transform from ductile dimple to brittle fracture mode. (4) Evaluation based on microstructure, adhesive strength, thermal ageing and fracture behavior, Sn-3Ag-1.5Sb-xCu lead free solder system with 1.0 mass% Cu addition seems to have the optimal performance by copper addition ranging from 0 to 1.5 mass%.
